A drawback in pancreatic islet transplantation is the large number of islets needed to obtain insulin independence in patients with diabetes. This most likely reflects extensive posttransplantation islet cell death and functional impairment of the remaining endocrine cells. We aimed to develop an experimental method to retrieve transplanted islets from the mouse liver, which would enable comparisons of transplanted and endogenous islets and provide valuable information on functional changes induced by intraportal transplantation. Transplanted islets were obtained by retrograde perfusion of the liver with collagenase. The identity of retrieved tissue as transplanted islets was confirmed by intravital staining, immunohistochemistry, and electron microscopy. The retrieved islets, irrespective of whether they had resided in diabetic or nondiabetic recipients, had a markedly lower insulin content and glucose-stimulated insulin release when compared with isolated endogenous islets. The glucose oxidation rate was also markedly lower in the retrieved islets, suggesting mitochondrial dysfunction. These disturbances in insulin content, insulin release, and glucose oxidation rate were not reversed by a few days of culture after retrieval. The results implicate changes in islet function after intraportal transplantation. Such dysfunction may contribute to the high number of islets needed for successful transplantation in diabetic individuals. Diabetes 53:948 -954, 2004 R ecent modifications in islet allotransplantation protocols, such as immunosuppressive treatment regimens without steroids and cyclosporine, as well as repeated transplantations to increase the implanted endocrine mass, have substantially increased the number of patients who achieve insulin independence (1-3). However, that two to three transplantations are usually needed to reverse hyperglycemia in humans suggests that the liver does not provide optimal conditions for engraftment. Indeed, although Ͼ85% of the normal islet mass (4) was transplanted when applying the Edmonton protocol, the insulin response to glucose in these patients was only ϳ20%, whereas the insulin response to arginine (ATP independent) was ϳ45% of that seen in healthy individuals (3, 5) . This suggests that islet cell death occurs in the immediate posttransplantation period (6,7) but may also indicate a functional impairment in the surviving endocrine cells.
R
ecent modifications in islet allotransplantation protocols, such as immunosuppressive treatment regimens without steroids and cyclosporine, as well as repeated transplantations to increase the implanted endocrine mass, have substantially increased the number of patients who achieve insulin independence (1) (2) (3) . However, that two to three transplantations are usually needed to reverse hyperglycemia in humans suggests that the liver does not provide optimal conditions for engraftment. Indeed, although Ͼ85% of the normal islet mass (4) was transplanted when applying the Edmonton protocol, the insulin response to glucose in these patients was only ϳ20%, whereas the insulin response to arginine (ATP independent) was ϳ45% of that seen in healthy individuals (3, 5) . This suggests that islet cell death occurs in the immediate posttransplantation period (6, 7) but may also indicate a functional impairment in the surviving endocrine cells.
Experimental investigations (8 -11) on the endocrine function of intraportally transplanted islets have previously been performed by perfusion of whole rat livers containing transplanted islets. Even though this is an elegant approach, it does not enable functional comparisons to be made between endogenous and transplanted islets. Because the volume of the surviving islet mass is unknown, the contribution of islet death versus dysfunction of remaining islets to a poor insulin response is impossible to evaluate. Thus, to approach this problem of functional evaluation of intraportally implanted islets, we applied methods for enzymatic breakdown of the liver to retrieve the transplanted islets. These islets were then used for in vitro studies and compared with endogenous islets that were isolated directly from the pancreas.
RESEARCH DESIGN AND METHODS
Male C57BL/6 mice that weighed 25-30 g were purchased from Bomholtgaard Research and Breeding Center (Ry, Denmark). The animals had free access to tap water and pelleted food throughout the course of the study. All experiments were approved by the local animal ethics committee for Uppsala University. Islet isolation and culture. Pancreatic islets were isolated from C57BL/6 mice by a collagenase digestion method, as previously described (12) . Some of the isolated islets were allocated directly to measurements of glucose-or theophylline-stimulated insulin release and rate of glucose oxidation, whereas others, in groups of 150 islets, were cultured free-floating for 3-4 days in 5 ml of culture medium consisting of RPMI 1640 (Sigma-Aldrich, St. Louis, MO) supplemented with L-glutamine (Sigma-Aldrich), benzylpenicillin (100 units/ ml; Roche Diagnostics Scandinavia, Bromma, Sweden), streptomycin (0.1 mg/ml; Sigma-Aldrich), and 10% (vol/vol) FCS (Sigma-Aldrich). Culture medium was changed every second day. Islet transplantation. Groups of 200 -250 cultured islets were packed in a butterfly needle (25 gauge) and implanted in a volume of 100 -150 l via the portal vein of syngeneic Avertin-anesthetized C57BL/6 mice (0.02 ml/g body wt intraperitoneally of a 2.5% [vol/vol] solution of 10 g 97% [vol/vol] 2,2,2-tribromo-ethanol [Sigma-Aldrich] in 10 ml of 2-methyl-2-butanol [Kemila, Stockholm, Sweden]), as previously described (13) .
Some recipients received an intravenous injection of alloxan (75 mg/kg body wt; Sigma-Aldrich) 5 days before transplantation and had blood glucose concentrations Ͼ19.7 mmol/l (30.4 Ϯ 1.3; n ϭ 10) at the time of transplantation. These diabetic recipients received a transplant of 200 -400 cultured islets to fully reverse the hyperglycemia. Upon retrieval of the transplanted islets 1 month posttransplantation, all had blood glucose concentrations Ͻ12 mmol/l (9.5 Ϯ 0.6; n ϭ 10). Blood from the cut tip of the tails was used to measure blood glucose concentrations by means of glucose reagent strips (MediSense Sverige, Sollentuna, Sweden). Retrieval of intraportally transplanted islets. One month posttransplantation, the animals that received a transplant were anesthetized with Avertin (see above). A V-shaped incision was made in the abdomen, and the viscera were displaced to expose the inferior vena cava cranially to the renal veins. The diaphragm was then opened, and ligatures were placed around the inferior vena cava immediately below the heart and proximal to the renal veins. A polyethylene catheter (outer diameter 0.61 mm) was inserted proximally into the inferior vena cava, fixed with a ligature, and connected to an infusion pump (model 355; Sage Instruments, Cambridge, MA). The portal vein was incised, and the liver was perfused retrogradely at a rate of 3 ml/min (Fig. 1) . Initially, 7.5 ml of perfusion buffer (pH 7.4, 8.3 g of sodium chloride, 0.5 g of potassium chloride, and 2.4 g of HEPES; Sigma-Aldrich) was used, followed by 300 l of neutral red (5 mg/ml; Kebo Grave, Stockholm, Sweden) dissolved in buffer to selectively stain the islets (14, 15) . After this procedure, an additional 15 ml of perfusion buffer was used to wash out excess neutral red, followed by 8 ml of collagenase dissolved in buffer (3.125 mg/ml; Clostridium histolyticum; Boehringer Mannheim, Mannheim, Germany). The liver was then excised, cut into smaller pieces, and placed in a sterile vial containing 8 ml of Hank's balanced salt solution (HBSS; The National Bacteriological Laboratory, Stockholm, Sweden). The liver pieces were further dispersed into clusters of cells by gentle flushing with HBSS using a syringe. The digested tissue was centrifuged at 230g for 2 min, after which the cellular pellet was washed twice and resuspended with fresh HBSS. Pancreatic islets could then be identified and picked under a stereomicroscope using braking pipettes. Staining with neutral red markedly facilitated visual identification of the islets. Retrieved islets were either used directly (freshly isolated) or cultured for 3-4 days before the experiments outlined below were performed. Repeated collagenase exposure on islet function. As a control to test the influence of the repeated exposure of the retrieved islets to collagenase, separate islets were isolated, cultured for 3-4 days, and washed with perfusion buffer. These islets were then exposed to collagenase (3.1 mg/ml) dissolved in HBSS, or HBSS alone, for 10 min. By such means, we assume that these maneuvers in vitro as much as possible imitate the conditions to which the intraportally transplanted islets were exposed during the retrieval process. Some of the islets were immediately allocated to functional studies, whereas others were kept in culture for 3-4 days before glucose-stimulated insulin release, insulin content, or glucose oxidation rate were measured. Preparation of histological sections and staining procedures. Some of the recovered transplanted islets were fixed in 10% (vol/vol) neutral buffered formalin and embedded in paraffin. Sections (5-m thick) were cut, mounted on glass slides, and stained with an antibody against insulin as previously described (16) . The sections were developed with 3,3Ј-diaminobenzidinetetrahydrochloride (Sigma-Aldrich) and counterstained with hematoxylin (Sigma-Aldrich).
Transmission electron microscopy. Some of the retrieved transplanted islets were prepared for and studied with transmission electron microscopy (TEM), as previously described (17) . Briefly, the retrieved islets were fixed overnight in 2.5% (vol/vol) glutaraldehyde (Sigma-Aldrich) and 0.1 mol/l cacodylate buffer (Agar Scientific, Stansted, U.K.). After being washed in 0.1 mol/l cacodylate buffer, the islets were postfixed for 20 min in 1% (wt/vol) OsO 4 dissolved in cacodylate buffer. A second wash in cacodylate buffer was followed by dehydration in graded series of ethanol, before the islets were finally embedded in Agar 100 Resin (Agar Scientific). Sections were cut, contrasted, and examined in a Hitachi H7100 transmission electron microscope (Hitachi, Tokyo, Japan) at 75 kV. Scanning electron microscopy. Islets were fixed and postfixed as described above for TEM and thereafter washed in 0.1 mol/l cacodylate buffer and distilled water. The islets were mounted on poly-L-lysine-treated coverslips and dehydrated in a graded series of acetone by means of the critical-point drying method. After drying, the coverslips were mounted on holders and the islets were gold sputtered and then examined in a LEO 1530 field emission scanning electron microscope (LEO, Cambridge, U.K.) at an accelerating voltage of 5 kV. Glucose-and theophylline-stimulated insulin release. Groups of 10 islets were transferred in triplicate to glass vials containing 250 l of Krebs-Ringer bicarbonate buffer supplemented with 10 mmol/l HEPES (Sigma-Aldrich) and 2 mg/ml BSA (ICN Biomedicals, Aurora, OH; hereafter referred to as KRBH buffer). The KRBH buffer contained 1.67 mmol/l D-glucose during the first hour of incubation at 37°C (O 2 /CO 2 , 95:5). The medium was then removed and replaced by 250 l of KRBH supplemented with 16.7 mmol/l glucose and incubated for a second hour. The medium was again removed, and the islets were, in some cases, incubated with 250 l of KRBH supplemented with 16.7 mmol/l glucose and 5 mmol/l theophylline (Apoteksbolaget, Gothenburg, Sweden) for a third hour. After retrieval of this medium, the islets were harvested, pooled in groups of 30, and homogenized by sonication in 200 l of redistilled water. Two 50-l aliquots of the aqueous homogenate were then used for DNA measurements by fluorophotometry (18) . A fraction of the homogenate was mixed with acid-ethanol (0.18 mol/l HCl in 95% [vol/vol] ethanol) from which insulin was extracted overnight at 4°C. Insulin contents in incubation media and homogenates were determined by enzyme-linked immunosorbent assay (Mercodia, Uppsala, Sweden). In pilot experiments, the influence of neutral red on glucose-stimulated insulin release and islet insulin content was also evaluated. Triplicates of 10 islets were incubated at a high glucose concentration (16.7 mmol/l glucose ϩ KRBH) with or without addition of 5 mg/ml neutral red for 1 h. Thereafter, islets and incubation medium were harvested and analyzed for insulin concentration as outlined above. Glucose oxidation. Islet glucose oxidation rates were determined according to a previously described method (19) . Briefly, triplicates of 10 islets were transferred to glass vials containing 100 l of KRBH supplemented with D-[U- 14 C]glucose (Amersham-Pharmacia Biotech, Amersham, U.K.) and nonradioactive D-glucose to a final glucose concentration of 16.7 mmol/l glucose (specific radioactivity 0.5 mCi ⅐ mmol Ϫ1 ⅐ l Ϫ1 ). After incubation for 90 min at 37°C (O 2 /CO 2 , 95:5), the oxidation was terminated by injection of 100 l of 0.05 mmol/l antimycin A (Sigma-Aldrich) into the vials. 14 CO 2 generated by cell metabolism was released by the addition of 100 l of 0.4 mmol/l NaH 2 PO 4 (pH 6.0) during a 120-min incubation. The radioactivity in the samples was then measured by liquid scintillation counting. In pilot experiments, the influence of 5 mg/ml neutral red on glucose oxidation rate was also evaluated. Statistical analysis. All values are given as means Ϯ SE. In each experiment, insulin secretion and glucose oxidation rates were calculated as a mean of the values obtained from the three individual incubation vials. These means were then considered as separate observations in the subsequent statistical analysis. Multiple comparisons between data were performed by using ANOVA (Statview; Abacus Concepts, Berkeley, CA) and, when appropriate, followed by Bonferroni post hoc test. When only two experimental groups were compared, unpaired t test was used. P Ͻ 0.05 was considered to be statistically significant for all comparisons.
RESULTS
Identification of retrieved transplanted islets. Normally, 50 -100 islets were retrieved from each processed liver. The identity of the retrieved transplanted islets was confirmed by intravital staining, immunohistochemistry, and electron microscopy. Retrieved islets were stained pink/red with the intravital staining neutral red, whereas surrounding hepatocytes remained unstained ( Fig. 2A) . A large number of cells staining positive with insulin anti- bodies was found in sections of the retrieved islets prepared for light microscopy (Fig. 2B) . In sections of the islets prepared for TEM, a normal islet ultrastructure with intact cells and secretory granula characteristic of ␤-and ␣-cells was observed (Fig. 2C) . When examined by scanning electron microscopy, the retrieved islets were intact, but a few contaminating cells were found adherent to their surface ( Fig. 2D and E) .
Insulin release and insulin content. Insulin release from retrieved islets in response to stimulation with 1.67 mmol/l glucose, 16.7 mmol/l glucose, or 16.7 mmol/l glucose ϩ 5 mmol/l theophylline was investigated either immediately after retrieval or after 3-4 days of culture. For comparative purposes, the corresponding insulin response from freshly isolated or cultured endogenous islets was examined (Fig. 3) . Immediately after preparation, islets retrieved from both normoglycemic and cured diabetic recipients released less insulin than endogenous control islets during all three conditions (Fig. 3A) . After culture, the insulin response to 16.7 mmol/l glucose and 16.7 mmol/l glucose ϩ theophylline remained markedly impaired in retrieved islets, whereas basal insulin release was similar to that seen from cultured control islets (Fig.  3B) . Both freshly isolated and cultured control islets released more insulin when challenged with 16.7 mmol/l glucose or 16.7 mmol/l glucose ϩ theophylline compared with when exposed to 1.67 mmol/l glucose (Fig. 3) . Statistical significance, however, was not attained for freshly isolated islets challenged with 16.7 mmol/l glucose only. Retrieved islets responded poorly, both immediately after isolation and after culture, when stimulated with high glucose (Fig. 3) . Only 16.7 mmol/l glucose ϩ theophylline induced a slight but statistically significant increase in insulin release from the freshly retrieved islets.
Retrieved transplanted islets contained less insulin, both immediately after retrieval and after culture, compared with control islets (Fig. 4) . However, although the insulin content of control islets was markedly decreased after culture, the insulin content of retrieved islets did not decrease any further. The insulin content of islets freshly retrieved from normoglycemic and cured diabetic recipients did not differ. In pilot experiments, the influence of the intravital stain neutral red on glucose-stimulated insulin release and islet insulin content was evaluated. Neither insulin release nor insulin content of islets was affected by this stain (10.8 Ϯ 1.4 vs. 10.8 Ϯ 1.9 ng insulin/10 islets and 640 Ϯ 50 vs. 580 Ϯ 130, for insulin release in response to 16.7 mmol/l glucose and insulin content of control and neutral red-exposed freshly isolated islets, respectively; n ϭ 2). Repeated exposure to collagenase of isolated islets affected basal insulin release neither acutely (data not shown) nor after culture (0.7 Ϯ 0.1 vs. 1.1 Ϯ 0.5). Likewise, the insulin release response to 16.7 mmol/l glucose and that to 16.7 mmol/l glucose ϩ theophylline was unaffected (7.5 Ϯ 3.1 vs. 4.1 Ϯ 0.6 and 37.7 Ϯ 10.8 vs. 33.5 Ϯ 4.5 for insulin release of control and collagenase-exposed islets, respectively; n ϭ 8 in all groups). The insulin content of the isolated islets also was not affected by the repeated collagenase exposure (279 Ϯ 30 vs. 287 Ϯ 30, for control islets and collagenase-exposed cultured islets, respectively). Glucose oxidation rate. When retrieved islets were exposed to 16.7 mmol/l glucose, the glucose oxidation rate was markedly lower than that of control islets, both immediately after retrieval and after culture (Fig. 5) . The glucose oxidation rate was not affected by culture in either retrieved transplanted or control islets. Neither did the glucose oxidation rates of islets retrieved from normoglycemic and cured diabetic recipients differ. Addition of neutral red did not affect the glucose oxidation rate of freshly isolated control islets (219 Ϯ 15 vs. 209 Ϯ 51 pmol ⅐ 10 islets Ϫ1 ⅐ 90 min Ϫ1 for control and neutral red-exposed islets, respectively; n ϭ 2). Repeated exposure to collagenase of isolated islets did not affect the glucose oxidation
FIG. 3. Insulin release in response to a glucose challenge in isolated nontransplanted islets (f) or intraportally transplanted islets retrieved from normoglycemic (o) or cured diabetic recipients (Ⅺ).
The islets were exposed to 1.67 mmol/l glucose for 1 h, to 16.7 mmol/l glucose for a second hour, and finally to 16.7 mmol/l glucose ؉ 5 mmol/l theophylline for a third hour. Values are means ؎ SE. A: freshly isolated islets (n ‫؍‬ 15) and freshly retrieved islets from normoglycemic (n ‫؍‬ 8) and cured diabetic (n ‫؍‬ 10) recipients. *P < 0.05 vs. freshly isolated islets; #P < 0.05 vs. corresponding islets exposed to 1.67 mmol/l glucose. B: Isolated and cultured islets (n ‫؍‬ 6) and cultured retrieved islets (n ‫؍‬ 7). *P < 0.05 vs. isolated and cultured islets; #P < 0.05 vs. corresponding islets exposed to 1.67 mmol/l glucose.
FIG. 4. Insulin content in isolated nontransplanted islets (f) or intraportally transplanted islets retrieved from normoglycemic (o) or cured diabetic recipients (Ⅺ).
The experimental groups were freshly isolated islets (n ‫؍‬ 11), freshly retrieved islets from normoglycemic (n ‫؍‬ 9) or cured diabetic recipients (n ‫؍‬ 9), isolated and cultured islets (n ‫؍‬ 7), and cultured islets retrieved from normoglycemic recipients (n ‫؍‬ 7). Values are expressed as means ؎ SE. *P < 0.05 vs. corresponding isolated nontransplanted islets; #P < 0.05 vs. corresponding freshly isolated islets. rate at 16.7 mmol/l glucose (243 Ϯ 41 vs. 262 Ϯ 36 for control islets and collagenase-exposed cultured islets, respectively; n ϭ 7 in both groups). DNA content. There were no differences in DNA content between freshly retrieved transplanted islets and freshly isolated control islets (0.80 Ϯ 0.24 g DNA/30 islets, n ϭ 6, and 0.64 Ϯ 0.04, n ϭ 8, respectively).
DISCUSSION
Because islets that are implanted into the liver are injected directly into the portal vein, they disperse and embolize within the liver. Thus, they are difficult to localize, and few techniques are available for their study. In the present study, we describe a method to retrieve transplanted islets from the liver. The development of this technique enables comparisons of transplanted and endogenous islets to be made and therefore may provide valuable information on functional changes induced by intraportal transplantation. Crucial for the interpretation of data from such a study, however, is the accuracy of the identification procedure of the retrieved islets. We therefore verified the identity of the retrieved islets by several procedures. One of these was based on the use of intravital staining with neutral red, which preferentially stains pancreatic islets (14, 20) . We previously showed that the dye does not affect tissue oxygenation (21), serum insulin, or blood glucose concentrations in vivo (15) . Consistent with this, neither insulin release (22) nor glucose oxidation rate was affected by the presence of neutral red in the in vitro incubation media. Moreover, some retrieved tissue, tentatively identified as islets, was allocated to histological evaluation, which demonstrated the presence of a large number of insulinpositive cells. Finally, the retrieved islets were also examined and evaluated by electron microscopy. With TEM, we observed typical secretory granules from both ␤-and ␣-cells. In view of all of these considerations, we are convinced that the structures that we have isolated from the hepatic digests were implanted islets.
The major finding in the present study was that islets that were retrieved from the liver seemed to be functionally compromised. This may be due to their intrahepatic location per se, but there may be other explanations for the poor metabolic response of the retrieved islets. It can be argued that the decreased glucose-stimulated insulin release, insulin content, and glucose oxidation rate of retrieved islets compared with control islets merely reflect a lower amount of islet tissue in the former preparations. However, the DNA content of freshly isolated islets and retrieved islets was similar, which argues against this notion. It cannot be excluded, however, that some hepatocytes contaminated the transplanted islets when experiments with retrieved islets were performed, which may affect both the DNA content and the function of the islets. Great effort was taken to use the purest islets possible for the functional evaluations, and, in view of our morphologic findings, contaminating cells were sparse. Endothelial cells, which are more common in freshly isolated islets (23), might be another source of contamination. Hirshberg et al. (24) actually observed that freshly isolated islets that are transplanted into the liver become covered by an endothelial cell layer. However, we could not observe such cells on the retrieved islets. We also believe that after several days of free-floating culture of the retrieved islets, most contaminating cells have disappeared (cf. 23). Therefore, the consistently impaired islet function also after culture argues against the possibility that this is caused by the mere presence of contaminating cells.
Another potential explanation for the poor function of the retrieved islets is that the retrieval procedure in itself damages the islet cells. However, the same amount of collagenase (3.1 mg/ml) was used as that for isolating islets from the pancreas (12, 25) . Moreover, in separate in vitro experiments, we imitated the exposure of isolated islets to collagenase in vivo. However, there was no influence on glucose-stimulated insulin release, islet insulin content, or glucose oxidation rate. In further support of the view that the functional defects are inherent to the retrieved islets and not dependent on the retrieval procedure, the retrieved islets functioned poorly compared with nontransplanted control islets also after several days in culture.
Previously, islets that were implanted under the renal capsule were retrieved and examined (26) . A decreased first phase of glucose-stimulated insulin release (27) and a chronically decreased insulin content compared with control islets (28) were observed. Such islets retrieved from the kidneys also display metabolic aberrations with increased nonoxidative metabolism (29) , which is similar to our previous findings in vivo (30) . In the present study, functional impairment seen in intraportal islets was very pronounced, suggesting that the implantation organ may be of importance. However, islets that were retrieved from implantation sites other than the liver were not investigated.
A problem in the immediate posttransplantation period may be that the liver parenchyma has an oxygen tension of 5-10 mmHg, which is markedly lower than what is seen in most other tissues, including the pancreas (31, 32) . This most likely reflects the high metabolic activity of the tissue and that ϳ60 -70% of the blood supply to the liver constitutes venous blood from the portal vein. The latter, how-FIG. 5. Glucose oxidation rates of nontransplanted islets (f) and intraportally transplanted islets retrieved from normoglycemic (o) or cured diabetic (Ⅺ) recipients. The experimental groups were freshly isolated islets (n ‫؍‬ 19), freshly retrieved transplanted islets from normoglycemic (n ‫؍‬ 11) or cured diabetic (n ‫؍‬ 7) recipients, isolated and cultured islets (n ‫؍‬ 6), and cultured retrieved transplanted islets from normoglycemic (n ‫؍‬ 6) recipients. Values are expressed as means ؎ SE. *P < 0.05 vs. freshly isolated islets or isolated and cultured islets.
ever, is unlikely to be of major importance for implanted islets after engraftment, because pancreatic islets that are transplanted intraportally into the liver become revascularized mainly from the hepatic artery (33) . Because these islets have a decreased vascular density compared with endogenous islets (16) , it is nevertheless likely that they are exposed to chronic hypoxia. This is confirmed by the findings that islets that are implanted beneath the liver capsule have low oxygen tension (5-10 mmHg) similar to that of islets that are implanted into the renal subcapsular space (32) .
Despite physiological advantages of portal delivery of insulin compared with systemic delivery of the hormone, islets that are implanted intraportally have a lower cell proliferation rate and a decreased functional reserve compared with islets that are grafted into the kidney (13, 34) . Experimental studies (34) in rodents have also indicated a lower long-term rate of function of intraportally transplanted islets than islets that are implanted at other sites. This suggests that the liver as a site for islet implantation imposes considerable stress on the graft, leading to diminished survival and/or impaired function of the endocrine cells. Some of this stress may be due to the new islet milieu with portal blood rich in glucose after meals and the proximity to glycogen-containing hepatocytes with their high gluconeogenetic capacity.
The present study was performed in the absence of specific immunologic responses to the graft because syngeneic transplantations were performed. An allogeneic setting might provide further site-specific challenges for transplanted islets. Thus, islet activation of resident liver macrophages with production of cytokines and free radicals, e.g., nitric oxide is known to be toxic to islet ␤-cells, may contribute to islet cell death and dysfunction at this implantation site (35) (36) (37) (38) (39) .
We obtained similar results with islets that were freshly retrieved from both normoglycemic and cured diabetic recipients. The influence of an intact endogenous endocrine pancreas on the function of intraportally transplanted islets is previously largely unknown. However, studies (27, 30, 40) of islet grafts implanted beneath the renal capsule by means of microdialysis, perfusion, and perifusion experiments have shown that islet grafts become and remain functionally active despite the presence of endogenous islets.
It cannot be excluded that the function of the retrieved islets is not necessarily representative of all transplanted islets and that we have managed to isolate only a functionally deranged subpopulation of the islets. However, we recently observed that only ϳ65% of intraportally transplanted islets remain in the liver as intact islets (E. von Seth, G.M., P.-O.C., L.J., unpublished observation). This means that in the present study, ϳ75% of all remaining transplanted islets were retrieved and that although larger functional variations occurred in the retrieved islets than in control islets, they consistently had impaired function. In view of this, we consider that the observed findings are likely representative of intraportally implanted islets in general. Furthermore, the decreased glucose oxidation rates implicate a predominant mitochondrial dysfunction of the transplanted cells as a key mechanism behind the impaired function. It is interesting that other disturbances in the function of intraportally transplanted islets have also been described. Disturbed physiological regulation of glucose metabolism with increased C-peptide concentrations and insulin resistance occur, as well as defective glucagon response, during hypoglycemia (41) (42) (43) . Taken together, there is ample evidence that the intraportal site confers several disadvantages for an optimal endocrine function of transplanted islets.
In summary, we have developed a novel technique for retrieval of intraportally transplanted islets and show that such islets have a pronounced decrease in glucose-stimulated insulin release and insulin content when compared with isolated, nontransplanted control islets. The retrieved islets also had a markedly lower glucose oxidation rate than control islets, suggesting the presence of mitochondrial dysfunction. The technique described herein offers unique possibilities to also study further the metabolic and functional changes, induced by the intraportal site, in transplanted pancreatic islets.
